The dehydriding property of xNaBH 4 + (1 ¹ x) Mg 2 FeH 6 (x = 0.10.75) is measured to investigate the effect of combining with complex hydride Mg 2 FeH 6 on reducing dehydriding temperature of metal borohydrides, which has lately been found to be effective for LiBH 4 . When x = 0.1 and 0.125, a single-step dehydriding reaction is observed, while in the composition range x ² 0.25, a multi-step dehydriding reaction is observed. Despite the different dehydriding process, X-ray diffraction measurements confirmed that Mg 2 FeH 6 and NaBH 4 began releasing hydrogen simultaneously over the entire composition range. The results also indicate that the dehydriding temperature of NaBH 4 is reduced by at least 150 K when combining with Mg 2 FeH 6 .
Introduction
Metal borohydrides M(BH 4 ) n (n: valence of metal M) have advantageously high hydrogen densities (e.g., LiBH 4 : 18.5 mass% and NaBH 4 : 10.7 mass%) compared to conventional hydrogen storage alloys. 1) While, one of the obstacles for the metal borohydrides used in proton exchange membrane fuel cells (PEMFCs) driven electric vehicles is the high dehydriding temperature, usually above 673 K. Therefore, several approaches have been investigated to improve the dehydriding/rehydriding properties of metal borohydrides, 2) for examples, adding catalysts such as transition metal chlorides, 3, 4) confinement in nanoporous materials, 58) and the formation of reactive composites with metal hydrides. 916) In addition, our group has found that the dehydriding temperature of LiBH 4 can be decreased by forming double-cation borohydrides such as LiCa(BH 4 ) 3 and ZrLi(BH 4 ) 5 based on a linear relationship between the calculated formation enthalpy of a series metal borohydride M(BH 4 ) n and the Pauling electronegativity of M.
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More recently, we have reported that, the dehydriding temperature of LiBH 4 4 were also milled separately as references. The dehydriding properties were examined by thermogravimetry-mass spectrometry (TGMS, Rigaku TG8120) in a helium flow of 150 ml/min and with a heating rate of 5 K/min. Phase analysis was conducted by conventional X-ray diffractometer (XRD, PANalytical X'Pert-Pro, CuK¡ radiation). Silicon (¡ = 0.5430891 nm) was added as internal standard. The lattice parameters of Mg 2 FeH 6 were refined by using the TREOR97 and PIRUM programs. 21, 22) The samples were at all times handled in a glove box filled with purified argon or helium.
Results and Discussions
The TGMS results for xNaBH 4 + (1 ¹ x)Mg 2 FeH 6 are presented in Fig. 1 . Only the signal of hydrogen is shown in the MS spectrum. Although B 2 H 6 was reported to be released in the dehydriding process of borohydrides in several studies, 23) no obvious signals of B 2 H 6 were detected in this study. Separately milled Mg 2 FeH 6 and NaBH 4 underwent the following dehydriding reactions with onset temperature of approximately 430 and 720 K, respectively:
The weight loss observed for Mg 2 The dehydriding properties changed drastically when Mg 2 FeH 6 and NaBH 4 were combined. The dehydriding temperatures increased regularly with increasing x in the temperature range between the dehydriding temperatures of those of pure Mg 2 FeH 6 and NaBH 4 . For x = 0.1 and 0.125, strictly a one-step dehydriding reaction was observed at approximately 573 K (the peak temperature of the MS spectra). While for x = 0.25, the MS peak was divided into two peaks at approximately 578 and 594 K, respectively. For x > 0.25, more than two dehydriding steps were observed. The quantity of released hydrogen obtained from TG increased with increasing x and is plotted as a function of x in Fig. 2. Figure 2 also shows the calculated quantity of released hydrogen when one assumes that dehydriding was just from Mg 2 FeH 6 , as described in eq. (3) below. Apparently, these results do not match the increasing quantity of hydrogen observed from the experimental results. Therefore, it was next considered that both Mg 2 FeH 6 and NaBH 4 released hydrogen in the dehydriding process, which is given by eq. (4). In fact, because of the low saturated vapor pressure of sodium, the vaporization that occurred after the dehydriding of NaBH 4 caused the steeply rising weight loss observed in the TG measurement given by eq. (5). Vaporized Na was not detected by MS measurement because it may have solidified before reaching the MS instrument.
The results indicate that the actual weight loss of xNaBH 4 + (1 ¹ x)Mg 2 FeH 6 occurs from the dehydriding of both Mg 2 FeH 6 and NaBH 4 and from the evaporation of Na. From the single-step dehydriding reaction when x = 0.1 and 0.125, it can be asserted that NaBH 4 released hydrogen simultaneously with Mg 2 FeH 6 . For x > 0.25, the multi-step reactions involved make it difficult to explain the dehydriding process from the TGMS data alone. Other groups similarly reported a multi-step dehydriding process when NaBH 4 combined with MgH 2 . It has been suggested that MgH 2 and NaBH 4 release hydrogen independently. 15, 25) To clarify the dehydriding process for x > 0.25, we heated NaBH 4 + Mg 2 FeH 6 (x = 0.5) to the first MS peak temperature (613 K) and subsequently quenched the sample to room temperature. The resulting powders were characterized by XRD. The corresponding profiles are shown in Fig. 3 together with those of the as-synthesized sample and the products after TG measurement. It can be seen that NaH and amorphous MgB 2 appeared when heated to 613 K, while Mg 2 FeH 6 is still in evidence. This result suggests that, instead of an independent dehydriding process, NaBH 4 began to release hydrogen from the very beginning of the entire reaction, which deviates from the observations made by former reports. Therefore, it can be claimed that the dehydriding temperature of NaBH 4 reduced by more than 150 K in xNaBH 4 + (1 ¹ x)Mg 2 FeH 6 .
In our previous report, high resolution synchrotron XRD measurement was used to carry out the structure analysis and the result indicated that the lattice parameter changed of Mg 2 FeH 6 in xLiBH 4 + (1 ¹ x)Mg 2 FeH 6 probable response to the formation of a Li x Mg 2¹2x (BH 4 ) x (FeH 6 ) 1¹x solid solution. 20) Similarly, in xNaBH 4 + (1 ¹ x)Mg 2 FeH 6 , the refined lattice parameter of Mg 2 FeH 6 was found to slightly change, for example, from 0.64436(5) nm of pure Mg 2 FeH 6 to 0.64497(11) nm in NaBH 4 + Mg 2 FeH 6 (x = 0.5) although 6 , further investigation such as solid state nuclear magnetic resonance and infrared spectroscopy will be used to study the hydrogen bonding state. In situ high resolution synchrotron-XRD measurements will be used to obtain more detailed structural data.
Conclusion
In our previous report, the dehydriding temperature of LiBH 4 decreased drastically by combining with Mg 2 FeH 6 . To investigate the general effect of combination with Mg 2 FeH 6 on the dehydriding properties of other metal borohydrides, xNaBH 4 + (1 ¹ x)Mg 2 FeH 6 (x = 0.10.75) were prepared by mechanical milling. The dehydriding properties were investigated by thermogravimetry-mass spectroscopy. Similar to xLiBH 4 + (1 ¹ x)Mg 2 FeH 6 , over the entire composition range, xNaBH 4 + (1 ¹ x)Mg 2 FeH 6 exhibited lower dehydriding temperatures than pure NaBH 4 . A single-step dehydriding behavior was observed when x = 0.1 and 0.125. Although a multi-step dehydriding process was observed when x > 0.25, Mg 2 FeH 6 and NaBH 4 began releasing hydrogen simultaneously. These results verified that combination with Mg 2 FeH 6 decreased the dehydriding temperature of NaBH 4 by at least 150 K. The change in the lattice parameter of Mg 2 FeH 6 in xNaBH 4 + (1 ¹ x)Mg 2 FeH 6 suggesting that the formation of a Na x Mg 2¹2x (BH 4 ) x (FeH 6 ) 1¹x solid solution may be a possible explanation for the unique dehydriding behavior observed. Further investigations of the crystal structure of the xNaBH 4 + (1 ¹ x)Mg 2 FeH 6 are necessary for the confirmation of the formation of new phases and are crucial for the discussion of other possible reasons for the unique dehydriding behavior. 
